Recreational users of ( Ϯ )3,4-methylenedioxymethamphetamine (MDMA, "Ecstasy") 
N EUROPSYCHOPHARMACOLOGY 2002 -VOL . 27 , NO . 6 2001a,b; Pope et al. 2001) . Surveys from other countries also indicate substantial rates of MDMA use (Abraham et al. 1998; Hibell et al. 2000; Ramsey and Spiller 1997) . As the popularity of MDMA grew in the 1980s and 1990s, preclinical research demonstrated that MDMA exposure can result in persistent and possibly permanent alterations in serotonin (5-HT) neurons of the central nervous system of New World and Old World monkeys as well as rodents (see McKenna and Peroutka 1990; Ricaurte et al. 2000; Steele et al. 1994 for review) . Recent studies have now shown with minimally invasive imaging techniques that similar 5-HT alterations are present in abstinent human users of MDMA Reneman et al. 2000; Reneman et al. 2001; Semple et al. 1999 ). These observations alone present the strong possibility that recreational use of MDMA may result in lasting adverse consequences for brain function.
Concern regarding possible functional consequences of MDMA exposure has been supported by recent studies demonstrating that frequent recreational users of MDMA exhibit poor performance on neurocognitive measures, e.g., (Bhattachary and Powell 2001; Gouzoulis-Mayfrank et al. 2000; McCann et al. 1999; Morgan 1999; Rodgers 2000; Verkes et al. 2001; Zakzanis and Young 2001) , with tests of memory and attention most commonly affected (also see Morgan (2000) and Parrott (2000) for review). Such cognitive impairments may be persistent or possibly permanent, since even users who have been abstinent from MDMA for many months have been shown to be impaired relative to poly-drug using controls (Bhattachary and Powell 2001; Gouzoulis-Mayfrank et al. 2000; McCann et al. 1999; Morgan 1999) . Since repeated treatment of nonhuman primates with MDMA has consistently been demonstrated to produce lasting and selective depletions of brain 5-HT markers (Fischer et al. 1995; Insel et al. 1989; Ricaurte et al. 1988b Ricaurte et al. , 1992 , the most obvious working hypothesis is that the demonstrated alterations of normal 5-HT transmission in abstinent human users may cause cognitive symptoms. This hypothesis is supported more specifically by evidence that cognitive deficits in abstinent MDMA users are correlated with the concentration of the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA) in cerebrospinal fluid (CSF) samples as well as evidence that memory performance in abstinent MDMA users is positively correlated with 5-HT 2A binding in cortex (Reneman et al. 2000) .
Although the available evidence from studies of human MDMA users is suggestive, such studies cannot easily demonstrate a direct relationship between MDMA-related alterations of serotonergic neurotransmission and cognitive impairment. The MDMA user populations studied are typically multi-drug users with considerable prior and continuing exposure to cannabis and alcohol, among other substances, which may themselves produce lasting negative effects on cognition. Indeed recent studies provide evidence that memory deficits observed in MDMA users are either likely (Croft et al. 2001) or unlikely (Rodgers 2000) to be attributable to concurrent use of cannabis. Certainly, study of "pure" MDMA-abusing populations is difficult if not impossible and therefore efforts to directly link MDMA-associated alterations of central nervouse system (CNS) 5-HT systems require experimental studies conducted in nonhuman models. Such model systems also provide advantages in specifically controlling the MDMA dose, exposure regimen, and timing of behavioral evaluation relative to prior exposure which may help to interpret or explain findings from human studies.
We have previously shown that rhesus monkeys treated with a high-dose repeated regimen of MDMA (4 days, 10 mg/kg i.m., b.i.d.) sufficient to produce ‫ف‬ 50% reduction of the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA) in cerebrospinal fluid do not exhibit performance deficits in a range of cognitive domains (Taffe et al. 2001) . Those results were consistent with a similar investigations employing different behavioral assays in both rhesus (Frederick et al. 1998 ) and squirrel monkeys (Winsauer et al. 2002) . In our previous work we showed that the CSF 5-HIAA concentrations in the MDMA-exposed animals recovered to pre-treatment values by approximately five months post-MDMA. Consistent with this observation, other studies have shown that nonhuman primates exposed to repeated MDMA may exhibit a degree of serotonergic recovery and/or reinnervation over a time course of weeks to months post-exposure (Fischer et al. 1995; Hatzidimitriou et al. 1999) . Such recovery of 5-HT systems may be selective since restoration of 5-HT function/structure in subcortical structures was more common and extensive in comparison to that reported in cortical regions. Consequently it is likely that cognitive and performance functions that depend on cortical structures may be more sensitive to further 5-HT perturbations in MDMA-exposed monkeys, in comparison to those that depend on subcortical structures.
The purpose of the present study was therefore to determine if the monkeys treated with a high-dose repeated MDMA regimen in our previous study exhibited increased sensitivity to the cognitive effects of challenge with serotonergic agents. Consequently, the MDMA-treated monkeys' and vehicle-treated control monkeys' performance on tests of memory, reaction time, reinforcer efficacy and fine motor control was challenged serially with doses of the mixed 5HT 2A/2C antagonist ketanserin, the 5HT 2C agonist 1-(3-Chlorophenyl)piperazine dihydrochloride (mCPP) and the 5HT 1A agonist ( Ϯ )8-hydroxy-DPAT hydrobromide (8-OH-DPAT). These compounds were chosen to probe serotonergic sensitivity because each has been demon-strated to disrupt behavioral responding in nonhuman primates (DeNoble et al. 1991; McKearney 1990; Winsauer et al. 1996) . It was hypothesized that the performance of MDMA-exposed monkeys would be more sensitive to the disrupting effects of these compounds because of an underlying compromise of 5-HT system integrity.
METHODS

Subjects
Six adult male rhesus monkeys ( Macacca mulatta ) served as subjects. The monkeys were approximately six years of age and weighed 6-8 kg at the beginning of the study. Animals were individually housed and fed in the home cage after completion of the daily testing session. The animals' normal diet (Lab Diet 5045, PMI Nutrition International) was supplemented with fruit or vegetables four days per week and water was available ad libitum in the home cage at all times. Principles of laboratory animal care (Clark et al. 1996) were followed, and all protocols were approved by the Institutional Animal Care and Use Committee of The Scripps Research Institute. The monkeys were obtained in a single cohort from the same vendor and received identical training on all components of the behavioral test battery prior to the initiation of the MDMA exposure study.
MDMA Exposure
Three of the monkeys were exposed to a repeated, highdose regimen of ( Ϯ )3,4-methylenedioxymethamphetamine HCl (MDMA) (4 days, 10 mg/kg i.m., b.i.d., expressed as the salt) 13 months prior to beginning of the present study as has been previously described (Taffe et al. 2001) . The remaining three animals were treated with vehicle injections on the same schedule and serve as control subjects. The MDMA regimen resulted in an initial reduction ( ‫ف‬ 50%) in CSF concentrations of the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA) in CSF samples obtained 2-17 weeks post-MDMA when compared with pre-treatment values and control subjects. These results are consistent with previous studies in which analysis of CSF 5-HIAA concentrations was combined with more exhaustive post-mortem analysis of monoamine tissue concentrations (Insel et al. 1989; Ricaurte et al. 1988a Ricaurte et al. , 1992 .
Behavioral Testing
Cognitive and behavioral performance was evaluated using a battery of tests designed for neuropsychological testing of rhesus monkeys which has been previously described ). The battery included tests of memory (self-ordered spatial search; SOSS), sustained attention and reinforcer efficacy (progressive ratio; PR), reaction time (RT) and bimanual motor coordination (Bimanual). Performance on tests of this battery has been shown to be sensitive to acute challenge with psychoactive compounds Weed and Gold 1998) .
Apparatus. Animals were transferred to the testing room in transport cages (80 cm high ϫ 60 cm wide ϫ 70 cm deep) similar to the home cage but modified by the removal of several bar sections from the front to allow the animal to easily reach out of the cage. The transport cage was placed in front of a computer monitor fitted with a touch-sensitive screen on which visual stimuli were presented. The animal was trained to reach out of the cage to touch the location on the screen at which visual stimuli were presented to obtain a food pellet reinforcer. Stimulus presentation and response detection were controlled by a micro-computer equipped with a version of CANTAB (CAmbridge Neuropsychological Test Automated Battery, CeNeS Pharmaceuticals, pfc, Cambridge, UK) designed for use with non-human primates. A dispenser delivered 190-mg flavored pellets (P.J. Noyes Co., Lancaster, NH) to a bin mounted on the front of the cage after correct responses. A white-noise generator positioned just behind the touchscreen was turned on during each behavioral session.
Test Battery. The test battery employed consists of four behavioral tasks. Three of the tasks are part of the non-human primate CANTAB and require monkeys to respond by touching the touch-sensitive computer screen to obtain food pellet reinforcers. The fourth task requires the animal to extract raisins from holes in a transparent plastic board.
Self-ordered Spatial Search. In each trial of the SOSS task, two, four, six, or eight small colored rectangles (boxes) were displayed on the screen in positions randomly allocated from among 16 possible locations. The animal was required to touch a box within 30 s of stimulus onset. After each successful touch, the color of the touched box was briefly (100 ms) changed and then the screen was blanked and a reinforcer is delivered. After a 2-s delay, the boxes were re-displayed and the animal was required to touch a box which had not previously been touched in the trial to obtain the next reinforcer. The trial was completed when the animal had either touched all boxes without a repetition (correct), touched a box that had previously been selected in that trial (error) or failed to touch a box within 30 s of stimulus presentation (omission). Errors and omissions were followed by a tone and a 4-s screen blank. After an inter-trial interval of 5 s, another trial was presented with stimuli in new (randomly allocated) positions. A session consisted of 40 trials grouped into eight blocks by trial type as follows: 5 (2 boxes), 5 (4 boxes), 5 (6 boxes), 5 (8 boxes), 5 (4 boxes), 5 (6 boxes), 5 (8 boxes), 5 (2 boxes). Accuracy scores were calculated for each trial type by dividing the number of correctly completed trials by the number of trials in which there was at least one response (i.e., errors of omission were excluded from the calculation).
Five-choice Reaction Time. For the RT task a response lever (BRS/LVE, Laurel, MD) was mounted below the monitor and in front of the transport cage. For each trial, a grid of five circles, or target locations, connected by lines was presented in white on the screen. The monkey initiated the trial by holding down the lever. After a pseudorandomly-variable delay lasting between 0.75 and 2.5 s, a yellow circle appeared within one of the five target locations and was removed after 20, 100, or 1000 msec. Touching the appropriate circle within 2 s resulted in reinforcer delivery. The time required for the monkey to release the lever (release latency) as well as the time required to touch the circle (response latency) following target onset was recorded in milliseconds. The time required to move from lever to target (movement time) was calculated by subtracting the release latency from the response latency.
Progressive-ratio Schedule of Responding. In the PR task a large colored rectangle was presented in the center of the screen and the animal was required to touch the rectangle for reinforcer delivery. The response requirement started at 1 and incremented by arithmetic progression within blocks of 8 reinforcers and by geometric progression between blocks of 8. (i.e., the first successive 8 ratios increase by 1, the second successive 8 increase by 2, the third successive 8 increase by 4, etc.) The session was terminated after 10 min, or earlier if 3 min had elapsed since the previous response. In either case, the number of reinforcers acquired in the session was recorded.
Bimanual Motor Skill Task (BMS).
A transparent plastic board drilled with 15 holes and filled with raisins was mounted perpendicular to the door of the transport cage. The hole diameter is such that for efficient retrieval of raisins, the animal must push the raisin partially out of the hole with one finger before retrieving it. With training, animals universally adopt a strategy of pushing the raisin with one hand while retrieving it with the other hand, thus entailing bimanual dexterity. The time required to retrieve all 15 raisins was recorded by stopwatch.
Drug Challenge Studies
Ketanserin tartrate, 1-(3-Chlorophenyl)piperazine dihydrochloride (mCPP) and ( Ϯ )8-hydroxy-DPAT hydrobromide (8-OH-DPAT) were obtained from RBI (Natick, MA). During the acute drug studies monkeys were tested five days per week with three tasks being completed each day (i.e., SOSS/RT/Bimanual alternated with PR/SOSS/Bimanual). To evaluate the effects of the serotonergic compounds on cognitive/behavioral performance, monkeys were serially administered acute doses of ketanserin (0.1, 0.3, 1.0, 1.7 mg/kg), mCPP (0.03, 0.1, 0.3, 0.5 mg/kg) and 8-OH-DPAT (32, 56, 80, 100 g/kg,). Doses are expressed as the salt. All compounds were dissolved in physiological saline to a standard volume of 0.1 ml/kg and were administered intramuscularly, 15 min prior to the testing session. Drug doses were administered Tuesday and Friday, with the remaining sessions serving as vehicle (Thursday) or baseline (Monday, Wednesday) control sessions. A minimum 2-week washout period was imposed in between the evaluation of each compound to ensure that each animal had returned to stable baseline performance.
Cerebrospinal Fluid and Brain Tissue Evaluation
CSF (1-2 ml) was collected by percutaneous cisternal puncture using aseptic techniques under ketamine anesthesia (20 mg/kg). Samples were collected as described previously (Taffe et al. 2001) and, for the present study, at timepoints 9, 13 and 16 months after the MDMA regimen. Samples were centrifuged to remove cellular contamination and stored at Ϫ 70 Њ C. CSF concentrations of 5-HIAA were measured by high-performance liquid chromatography with electrochemical detection (HPLC-EC) as previously described (Taffe et al. 2001) .
Two MDMA-exposed and two control animals were sacrificed 17 months following the treatment week. The remaining MDMA-exposed subject was sacrificed 20 months following the treatment week. The remaining control animal was treated with the MDMA regimen described for the previously-treated three MDMA animals approximately 20 months following the previous (vehicle) treatment week. This animal was then sacrificed 19 days after the last MDMA injection. The brainstem was separated above the pons and the cerebral hemispheres were divided with a midsaggital cut. Brain sections were then rapidly frozen on powdered dry ice. Regional brain levels of 5-HT and 5-HIAA were determined by HPLC-EC as previously described (Ricaurte et al. 1992 ).
Data Analysis
The neuropsychological test battery measures were analyzed using 2-way repeated measures analysis of variance (ANOVA) with a between-subjects factor of treatment group (MDMA-exposed, vehicle control) and a within-subjects factor of drug condition. Separate anal-yses were run for each dependent measure and for each drug compound. Dependent measures evaluated for each task were: SOSS, percent correct trials; RT, release latency and movement time; PR, number of reinforcers acquired; BMS, raisin retrieval latency. Preliminary analysis of SOSS and RT data indicated no significant differences based on trial type (SOSS, number of boxes; RT, target duration), and therefore drug effects were analyzed across difficulty condition for these tasks. Initial comparison of the data from vehicle and baseline sessions taken during each of the three studies indicated no differences; thus the baseline and vehicle sessions taken throughout the three studies were averaged (respectively) and employed as comparison conditions for each separate drug challenge analysis. Significant main effects were followed up post hoc with the TukeyKramer procedure including all possible pair-wise comparisons.
The CSF 5HIAA concentrations were analyzed using randomized block ANOVA with a between-subjects factor of treatment group (MDMA-exposed, vehicle control) and a within-subjects factor of time relative to MDMA exposure (pre-treatment, 9, 13 and 16 months post-treatment). The pretreatment values for each animal represent an average of three CSF samples collected no more frequently than monthly (Taffe et al. 2001) . Tissue concentrations of 5-HT and 5HIAA in cortical and subcortical regions were each analyzed by analysis of variance with between subjects factors of treatment group (MDMA-exposed, vehicle control) and brain region (cortical analysis: frontal, parietal, temporal and occipital cortex, anterior cingulate, hippocampus; subcortical analysis: caudate (head), putamen, globus pallidus, thalamus, hypothalamus). Post hoc exploration of significant main effects was with the Tukey-Kramer procedure, as above.
All analyses were conducted using GB-STAT v7.0 for Windows (Dynamic Microsystems, Inc., Silver Spring MD). The criterion for significance in all tests was p Ͻ .05 and the criterion values were corrected for all possible comparisons in the post hoc tests.
RESULTS
Self-ordered Spatial Search
Self-ordered spatial search performance was significantly impaired by mCPP (main effect of drug condition: F 5,20 ϭ 3.55, p Ͻ .05) and 8-OH-DPAT (main effect of drug condition: F 5,20 ϭ 24.08, p Ͻ .05) as is illustrated in Figure 1 ; however, there were no significant effects of ketanserin (main effect of drug condition: F 5,20 ϭ 0.40, p ϭ .84). There were no significant effects of treatment group. Post-hoc exploration of the effect of mCPP challenge (across treatment group) confirmed that the 0.5-mg/kg dose significantly reduced the percentage of correct trials compared with the 0.03-mg/kg challenge condition while a similar analysis confirmed that the 100 g/kg dose of 8-OH-DPAT significantly impaired performance relative to baseline, vehicle and all lower 8-OH-DPAT dose conditions. There were no significant interactions of treatment group with any of the drug challenges; however, post-hoc exploration of all possible pairwise comparisons confirmed that the 100 g/kg dose of 8-OH-DPAT reduced performance relative to baseline, vehicle and all lower-dose challenges for the control group. The MDMA-exposed animals were similarly affected at the 100 g/kg dose except that performance at this dose did not differ significantly from the 80 g/kg dose challenge. Overall, the results suggest that spatial working memory is impaired by stimulation of 5HT 1A and 5HT 2C receptors; however, prior exposure to MDMA does not alter monkeys' sensitivity on this measure.
Five-choice Reaction Time
Release latency in the Reaction Time task was significantly slowed by challenge with mCPP (main effect of drug condition: F 5,20 ϭ 4.25, p Ͻ .05) as is illustrated in Figure 2 . There were no significant differences attributable to treatment group. Post-hoc exploration of this effect of mCPP confirmed that the 0.5-mg/kg dose slowed release latency relative to baseline, vehicle and the 0.03-mg/kg dose conditions for the MDMA-exposed animals but not for the control group. A trend toward an increase in release latency produced by 8-OH-DPAT failed to reach statistical significance (main effect of drug condition: F 5,20 ϭ 2.26, p ϭ .088) and there was no significant effect of ketanserin (main effect of drug condition: F 5,20 ϭ 1.34, p ϭ .29) on this measure. A trend for the MDMAexposed animals to exhibit slowed release latencies relative to the control animals failed to reach statistical significance in all three drug challenge studies. Movement time was significantly slowed by mCPP (main effect of drug condition: F 5,20 ϭ 3.68, p Ͻ .05) but not by ketanserin (main effect of drug condition: F 5,20 ϭ 2.21, p ϭ .094) or 8-OH-DPAT (main effect of drug condition: F 5,20 ϭ 2.30, p ϭ .083), much as was the case for release latency. Similarly, there were no significant differences attributable to treatment group. Post-hoc exploration of the mCPP effect on movement time, however, failed to confirm any significant effects attributable to specific doses either within or across treatment group. Thus, while both release latency and movement time were slowed by 5HT 2C stimulation, the MDMA-exposed group exhibited increased sensitivity to mCPP relative to control animals only in the release latency measure. This result indicates that vigilance may be more easily disrupted in animals previously exposed to MDMA.
Progressive Ratio
Progressive ratio responding was altered by challenge with 5-HT agents as illustrated in Figure 3 , panel A. The number of reinforcers acquired was significantly reduced by mCPP (main effect of drug condition: F 5,20 ϭ 8.29, p Ͻ .05) and 8-OH-DPAT (main effect of drug condition: F 5,20 ϭ 9.70, p Ͻ .05) but not affected by ketanserin (main effect of drug condition: F 5,20 ϭ 1.91, p ϭ .14). There were no significant differences attributable to treatment group. Post-hoc analysis of the effects of the drug challenges (collapsed across treatment group) confirmed that the highest dose of mCPP significantly impaired performance relative to baseline, vehicle and the 0.03 and 0.1 mg/kg doses. Similarly, the highest dose of 8-OH-DPAT impaired performance relative to all other treatment conditions. Although no significant interactions between treatment group and drug condition were observed for any of the drug challenges, further analysis of the main effect of mCPP and 8-OH-DPAT suggests that the MDMA-exposed animals' performance was more sensitive to challenge with 5HT agonists. Posthoc analysis of all possible pairwise comparisons confirmed that the 0.5-mg/kg dose of mCPP significantly reduced PR performance relative to baseline, vehicle and the 0.03 and 0.1-mg/kg challenge conditions in the MDMA-exposed group only. A similar post-hoc analysis also confirmed that the 100 g/kg dose of 8-OH-DPAT significantly reduced the number of reinforcers acquired relative to baseline, vehicle and the 32 and 56 g/kg challenge conditions for the MDMAexposed group, but not the control subjects. Thus, PR performance does not appear to be sensitive to blockade of 5HT 2A/2C receptors but is, however, impaired by both 5HT 1A and 5HT 2C stimulation. Prior exposure to MDMA rendered monkeys more sensitive to these drug effects; however, there was only a clear difference in the dose response function of the two groups for the mCPP challenge.
Bimanual Motor Skill
Bimanual motor skill performance was slowed in a dose-dependent manner by ketanserin (main effect of drug condition: F 5,20 ϭ 4.82, p Ͻ .05), mCPP (main effect of drug condition: F 5,20 ϭ 8.50, p Ͻ .05) and 8-OH-DPAT (main effect of drug condition: F 5,20 ϭ 16.14, p Ͻ .05), as is illustrated in Figure 3 , panel B. There were no significant differences attributable to treatment group. Posthoc analysis of the effect of the drug challenges, across treatment group, confirmed that the highest dose of ketanserin slowed raisin retrieval relative to baseline, vehicle and the 0.1-mg/kg dose conditions. Similarly, the highest dose of mCPP slowed performance relative to baseline, vehicle and the 0.03 and 0.1-mg/kg conditions. Finally, the highest dose of 8-OH-DPAT slowed performance relative to all other conditions. Further post-hoc exploration of all possible pairwise comparisons failed to confirm any significant effect of ketanserin within either treatment group; however; the highest dose of 8-OH-DPAT significantly slowed raisin retrieval relative to baseline, vehicle, and the 32 g/kg dose for both MDMA-exposed and control monkeys. Finally, post-hoc analysis of all pairwise comparisons in the mCPP study confirmed that the 0.5-mg/kg dose slowed responding in the MDMA-exposed animals relative to the 0.03 dose. Overall, however, the doseresponse functions for the two groups appear identical for all three serotonergic compounds. Thus, while ketanserin, mCPP, and 8-OH-DPAT all interfered with bimanual motor skills in a dose-dependent manner, the Figure 1. Self-Ordered Spatial Search performance. Mean percentage of correct trials on the SOSS task is presented for MDMA-exposed (n ϭ 3) and control (n ϭ 3) monkeys following challenge with three serotonergic agents. Error bars indicate the standard error for each group. Performance on this test of spatial working memory was impaired by challenge with mCPP and 8-OH-DPAT but not ketanserin for both groups. A significant difference from the lowest dose condition, across treatment group, is indicated by ‡ . For the within-group analysis, * indicates a significant difference compared with the vehicle condition and § indicates a significant difference compared with the lowest dose administered for a given compound. See text for complete description of the statistical procedures. monkeys previously exposed to MDMA were not more sensitive to the drug effects.
Cerebrospinal Fluid
CSF samples were obtained at 9, 13, and 16 months following the treatment week. The present acute drug studies were initiated two weeks after the 13-month sample was collected and concluded two weeks prior to the collection of the 16-month sample. As is illustrated in Figure 4 , CSF 5-HIAA concentrations for the MDMAexposed animals did not significantly differ from their pre-exposure values nor from the vehicle-treated animals, as demonstrated by a failure to confirm significant main effects of treatment group (F 1,4 ϭ 0.72, p ϭ .45). Similarly, post-treatment CSF 5-HIAA concentrations for the controls did not differ from pre-treatment levels (F 3,12 ϭ 0.96, p ϭ .44). These observations are consistent with our previous report in which CSF 5-HIAA in this group of MDMA-exposed animals were statistically indistinguishable from pre-treatment values by 21 weeks following treatment (Taffe et al. 2001 ).
Brain Tissue
The MDMA treatment regimen produced significant, persistent reductions of 5-HT in cortical regions ( Figure  5 ) as confirmed by significant differences between the vehicle and MDMA groups (F 1,3 ϭ 82.89, p Ͻ .05). The 5--HT concentration depended on cortical region (main effect of region: F 5,15 ϭ 3.90, p Ͻ .05) which interacted with treatment group (F 5,15 ϭ 12.07, p Ͻ .05). Post-hoc exploration of these differences confirmed that there was a persistent depletion of 5-HT in MDMA-exposed animals in frontal, parietal, temporal and occipital cortex, as well as hippocampus, with average regional con- movement times (B) for the RT task are presented for MDMAexposed (n ϭ 3) and control (n ϭ 3) monkeys following challenge with three serotonergic agents. Error bars indicate the standard error for each group. Challenge with mCPP significantly slowed release latency in the MDMA-exposed monkeys but not the control animals. Neither ketanserin or 8-OH-DPAT had a significant effect on release latency for either group. Movement time was not significantly affected by any of the drug challenges in either group. A significant difference from the lowest dose condition, across treatment group, is indicated by ‡ . For the within-group analysis, * indicates a significant difference compared with the vehicle condition and § indicates a significant difference compared with the lowest dose administered for a given compound. centrations reduced by 76% to 93% relative to the control animals. There was also a trend for cortical reductions in 5-HIAA with a similar regional pattern (Figure 6 ) which approached statistical significance (F 1,3 ϭ 9.47, p ϭ .054). The MDMA regimen did not result in any statistically significant changes of 5-HT ( Figure 5 ; F 1,3 ϭ 3.45, p ϭ .16) nor 5-HIAA (Figure 6 ; F 1,3 ϭ 0.96, p ϭ .40) content in the subcortical regions investigated; however, substantial increases in either 5-HT or 5-HIAA content were observed in putamen and globus pallidus.
Thus, these data confirm that the repeated high-dose exposure to MDMA produced depletions of 5HT (and 5-HIAA) in several regions of neocortex and the hippocampus which persisted for 17-20 months post exposure. These depletions were of a similar magnitude to those observed in a single monkey sacrificed two weeks after exposure to the MDMA regimen. In contrast, there were no lasting depletions observed in subcortical areas examined and possibly even a modest increase observed in putamen and globus pallidus. Since the animal sacrificed only two weeks post-MDMA exhibited substantial reductions in 5HT and 5HIAA in several of the subcortical regions it is likely that the three long-term MDMAexposed animals exhibit a degree of serotonergic recovery, rather than a lack of a primary insult. Overall this pattern of subcortical recovery combined with persistent cortical depletion of 5-HT and 5-HIAA is highly consistent with observations from squirrel monkeys exposed to a similar regimen of MDMA, years prior to sacrifice (Fischer et al. 1995; Hatzidimitriou et al. 1999) .
DISCUSSION
The present investigation was conducted to determine if monkeys exposed to a short-course, high-dose, re- The mean number of reinforcers acquired on the PR task (A) and the latency to retrieve 15 raisins on the BMS task (B) are presented for MDMAexposed (n ϭ 3) and control (n ϭ 3) monkeys following challenge with three serotonergic agents. Error bars indicate the standard error for each group. PR performance was significantly decreased by both mCPP and 8-OH-DPAT. The effect of mCPP was more pronounced for the MDMA-exposed monkeys. Raisin retrieval was significantly slowed by all three compounds to an equivalent extent in both groups. A significant difference from the lowest dose condition, across treatment group, is indicated by ‡ . For the within-group analysis, * indicates a significant difference compared with the vehicle condition and § indicates a significant difference compared with the lowest dose administered for a given compound. peated regimen of MDMA exhibit lasting behavioral sensitivity to selective pharmacological perturbation of central 5-HT mechanisms. To this end, performance of a number of cognitive/behavioral tasks was challenged serially with doses of the mixed 5HT 2A/2C antagonist ketanserin, the 5HT 2C agonist mCPP, and the 5HT 1A agonist 8-OH-DPAT in animals previously exposed to MDMA, as well as a vehicle-treated control group. The Mean concentrations of the 5-HT metabolite 5-HIAA in the CSF of MDMA-exposed (n ϭ 3) and vehicle-treated control (n ϭ 3) monkeys at timepoints 9, 13 and 16 months after MDMA exposure, as well as pretreatment values, are presented. Error bars indicate the standard error for each group. The concentrations of 5-HIAA in the CSF of MDMA-exposed monkeys were not significantly different from either control monkeys or their own pre-treatment values at these timepoints. outcome of this study provides evidence that previous MDMA-exposure may render monkeys more sensitive to serotonergic challenge in some, but not all, cognitive/behavioral domains. Nevertheless, the magnitude of this sensitivity is quite small despite massive (Ͼ75%) depletions of serotonin content in neocortical regions. Therefore, it is by no means certain that alterations of brain 5-HT systems induced by a single episode of repeated, high-dose exposure to MDMA produce the dramatic alterations of memory and other cognitive functions reported in some human MDMA users.
There are a number of important findings in the present study. First, we have demonstrated that the MDMA-exposed monkeys treated in our previous study, and employed here, exhibit substantial reductions of 5-HT content in several neocortical regions and hippocampus 17-20 months after MDMA treatment. This observation extends the probable duration of persistent 5-HT depletions in rhesus monkeys 3-7-fold over prior studies (Frederick et al. 1998; Insel et al. 1989) , and shows similar effects to other reports that 5-HT depletions in squirrel monkeys persist 1.5-7 years after MDMA exposure (Fischer et al. 1995; Hatzidimitriou et al. 1999) . Furthermore, the pattern of persistent cortical 5-HT depletions combined with recovered (or increased) 5-HT concentrations in subcortical regions was highly consistent with previous observations in squirrel monkeys (Fischer et al. 1995; Hatzidimitriou et al. 1999) in which more exhaustive analyses of brain tissue were conducted, again suggesting that the impact of MDMA on Old World and New World primates is similar, if not identical. Most important for the present study, the post-mortem tissue analyses confirmed that the MDMA-exposed animals were in a state of neocortical 5-HT deficit at the time of the drug challenge studies, despite a failure to observe statistically reliable reductions in CSF 5-HIAA concentrations. Finally, the persistent tissue depletions support our previous conclusions that extensive depletions of 5-HT in the cortex following MDMA-exposure do not result in lasting disruption of cognitive performance, a finding in concordance with two other studies in MDMA-exposed monkeys (Frederick et al. 1998; Winsauer et al. 2002) .
Another important finding of the present investigation was that monkeys with 76-93% reductions of 5-HT in neocortex were more sensitive than control animals to the behaviorally disrupting effects of challenge with serotonergic agents. In particular, there was an increased impact of the highest dose of mCPP (relative to the lowest dose) on sustained attention and reinforcer efficacy in Figure 6 . Post-Mortem Tissue Concentrations of 5-HIAA. Mean and individual concentrations of 5-HIAA in several brain regions are presented for three animals exposed to the MDMA regimen 17-20 months prior to sacrifice and two vehicletreated control animals. Regional concentrations are also presented for one monkey exposed to the repeated MDMA regimen two weeks prior to sacrifice (MDMA-2W; data were not available for the cingulate and globus pallidus of this animal). The MDMA treatment resulted in large reductions in tissue 5-HIAA content in all cortical regions except anterior cingulate, consistent with the analysis of 5-HT concentrations shown in Figure 5 . Abbreviations of brain regions are as in Figure 5 . the PR task, and vigilance and response speed in the RT task, for the monkeys previously exposed to MDMA. Similarly, the highest dose of 8-OH-DPAT significantly interfered with PR performance in the MDMA-exposed but not control animals. Finally, although only mCPP caused a statistically significant slowing of release latency in the RT task, there was also an apparent trend for this measure to be more sensitive to both ketanserin and 8-OH-DPAT in the MDMA-exposed monkeys. Overall, however, it must be recognized that the dose-response functions for the two groups overlap substantially for most of the behavioral measures, much as with a recent report on the impact of fenfluramine and mCPP on repeated acquisition in MDMA-exposed squirrel monkeys (Winsauer et al. 2002) .
Taken as a whole, however, the available preclinical data from nonhuman primates tend to suggest that one or two episodes of repeated, high-dose exposure to MDMA are not sufficient to produce obvious disruptions of cognitive or behavioral function, despite producing large and lasting depletions of 5-HT in the neocortex (Frederick et al. 1998; Taffe et al. 2001; Winsauer et al. 2002) . Including the present study, these data also show that while MDMA-treated monkeys exhibit increased and decreased sensitivity to challenges of various serotonergic mechanisms, these effects are limited in both magnitude and scope. It should be emphasized, however, that each of the Frederick et al. (1998) , Taffe et al. (2001) , and Winsauer et al. (2002) studies, as well as the present investigation, employed a treatment group size of n ϭ 3 which may have resulted in insufficient statistical power to detect real effects of a smaller magnitude. It is possible that larger scale studies might detect additional behavioral or cognitive disturbances. In addition, the Winsauer et al. (2002) study employed only a single behavioral task (with two dependent variables) in contrast to the present investigation and the Frederick et al. (1998) study in which collections of behavioral measures demonstrated persistent alterations in behavioral sensitivity to serotonergic challenges following MDMA exposure. Given that human studies of MDMA users which employ even larger batteries of tests report MDMA-related disturbances of only a few specific measures, it is clear that negative outcomes for particular behavioral measures in the available monkey studies should not be taken as definitive proof of a global lack of cognitive impairment. Nevertheless, interpretations of limited performance disturbance associated with MDMA exposure from the existing data are perhaps not surprising in light of indications that cognitive impairment in human MDMA users is correlated with the duration and severity of MDMA use (Bolla et al. 1998; Gouzoulis-Mayfrank et al. 2000; Morgan 1999; Reneman et al. 2001; Semple et al. 1999) but not with the magnitude of some serotonergic marker abnormalities Reneman et al. 2001 ); but also see Bolla et al. (1998) and Reneman et al. (2000) . Taken as a whole and assuming that the findings from the polydrug-user controlled studies are correct, i.e. that the MDMA use is specifically and causally related to the cognitive impairment, the data suggest that lasting cognitive impairment in MDMA-using populations is likely not a simple function of the magnitude of serotonergic depletions in neocortex. A more plausible alternative is that repeated cycles of serotonergic depletions followed by reinnervation as demonstrated in nonhuman primates (Fischer et al. 1995; Hatzidimitriou et al. 1999) , leads to an increasingly abnormal pattern of serotonergic innervation of the CNS. This alternative recommends that future attempts to study the cognitive effects of MDMA exposure in preclinical models employ dosing regimens that more closely match the repeating episodes of human use.
To conclude, the present study demonstrates that monkeys exposed to a single, repeated high-dose MDMA regimen exhibit behavioral sensitivity to selective serotonergic challenge in the absence of any apparent cognitive deficits under normal conditions. Ultimately, such results caution that even recreational MDMA users who appear cognitively/behaviorally intact may exhibit cognitive and behavioral sequelae of MDMA exposure upon perturbation of serotonergic systems.
